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ABSTRACT The expression of interferon-tau
(IFN-t) is essential for bovine embryo survival in
the uterus. An evaluation of IFN-t production from
somatic cell nuclear transfer (NT)-embryo-derived
primary trophectoderm cultures in comparison to
trophectoderm cultured from parthenogenote (P) and
in vitro matured, fertilized, and cultured (IVP) bovine
embryos was performed. In Experiment 1, the success/
failure ratio for primary trophectoderm colony forma-
tion was similar for IVP and NT blastocysts [IVP¼155/
29 (84%); NT 104/25 (81%)], but was decreased
(P¼ .05) for P blastocysts [54/43 (56%)]. Most
trophectoderm colonies reached diameters of at least
1 cm within 3–4 weeks, and at this time, 72 hr
conditioned cell culture medium was measured
for IFN-t concentration by antiviral activity assay.
The amount of IFN-t produced by IVP-outgrowths
[4311 IU/mL (n¼155)] was greater (P< .05) than
that from NT- [626 IU/mL (n¼104)] and P - [1595 IU/
mL (n¼54)] derived trophectoderm. Differential
expression of IFN-t was confirmed by immunoblotting.
In Experiment 2, colony formation was again similar
for IVP and NT blastocysts [IVP¼70/5 (93%); NT 67/
1 (99%)] and less (P< .05) for P blastocysts [65/
27 (70%)]. Analysis of trophectoderm colony size
after 23 days in culture showed a similar relationship
with P-derived colonies being significantly smaller
in comparison to IVP and NT colonies. A differential
expression of IFN-t was also observed again, but
this time as measured over time in culture.
Maximal IFN-t production was found at day-14 of
primary culture and diminished to a minimum by
the 23rd day. Mol. Reprod. Dev. 75: 299–308,
2008. Published 2007 Wiley-Liss, Inc.{
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INTRODUCTION

Somatic cell nuclear transfer (NT) can create animals
from cultured somatic cells by using the cultured cell’s
nucleus to replace the oocyte’s nucleus. However,
NT embryo development to term and post-natal survival
is usually dramatically lower than that of embryos
produced naturally or by in vitro maturation, fertiliza-
tion, and culture (IVP) (Wells et al., 1997; Wilmut et al.,
1997; Cibelli et al., 1998; Wakayama et al., 1998; Shu-
Hung et al., 2002). Incomplete nuclear reprogramming,
that is, the molecular events that return the somatic
cell’s nuclear material to a state similar to that of the
zygote’s nuclear material, may be the major cause of
the high percentage of developmental failures of NT
embryos (Surani, 2001; Humpherys et al., 2001). For
example, conservation of appropriate chromatin methy-
lation patterns appears to be a problem in NT embryos
(Bourc’his et al., 2001; Kang et al., 2002; Cezar et al.,
2003; Santos et al., 2003). Moreover, numerous differ-
ences in gene expression patterns have been found in
embryos and fetuses produced from normal fertilization
with sperm in comparison with those produced by NT
(Humpherys et al., 2002; Inoue et al., 2002; Niemann
et al., 2002; Suemizu et al., 2003). Various develop-
mental abnormalities apparently arise from these
epigenetic NT reprogramming errors, and among the
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most common are deficiencies in placentation or pla-
cental hyperplasia (Hill et al., 2000; Tanaka et al., 2001).

Failure to form a normal placenta is apparently
responsible for many NT pregnancy losses in cattle (Hill
et al., 2000; De Sousa et al., 2001; Hashizume et al.,
2002; Lee et al., 2004; Patel et al., 2004). The bovine
embryo’s trophectoderm tissue, which mediates placen-
tal connections with the uterine epithelium of the cow,
may be subject to deleterious epigenetic changes result-
ing from reprogramming errors after NT. The recent
report that certain DNA methylation anomalies were
specifically localized to the trophectoderm cells of bovine
NT blastocysts suggests that the analysis of trophecto-
derm tissue might be useful in determining epigenetic
deficiencies that lead to placental dysfunction (Kang
et al., 2002).

One aspect of early NT embryo function that may be
influenced by NT reprogramming and that is required
for the establishment of pregnancy is the expression of
the trophectoderm secretory protein interferon-tau
(IFN-t). Sufficient quantities of IFN-t must be secreted
in order for pregnancy to be established and maintained
in cattle and other ruminants (Roberts et al., 1992, 1989;
Bazer et al., 1997). Gene expression of IFN-t begins as
the trophectoderm is first forming at the late morula
and early blastocyst stage of development, and it is
expressed constitutively until the trophectoderm begins
to attach to the uterine lining on or after day 19 of
pregnancy in cattle (Helmer et al., 1987; Hernandez-
Ledezma et al., 1992; Kubisch et al., 1998; Ealy et al.,
2001). The primary physiological action of IFN-t is to
limit prostaglandin F2a pulsatility from the endome-
trium and thereby prevent regression of the corpus
luteum so that a pregnant state can be maintained
(Bazer et al., 1997; Thatcher, 1997). In addition to this, it
is likely that IFN-t effects the expression of numerous
endometrial genes that may determine the success or
failure of placentation (Pru et al., 2001; Nagaoka et al.,
2003; Martin et al., 2004; Gray et al., 2006; Klein et al.,
2006). Evidence from various studies suggests that the
expression of IFN-t during early pregnancy may be
affected by nuclear reprogramming events. For exam-
ple, increases in DNA methylation within the 50-
flanking region of the ovine IFN-t gene decreases gene
expression, and this may account for the repression in
IFN-t expression after placentation (Nojima et al.,
2004). Also, Wrenzycki and co-workers demonstrated
that the expression of IFN-t was up-regulated in bovine
blastocysts derived from nuclear cloning compared to
those derived from IVP or from in vivo fertilization and
development (Wrenzycki et al., 2001). Thus, the func-
tional importance IFN-t and its apparent sensitivity to
nuclear reprogramming events indicate that it might be
used as a marker of successful nuclear reprogramming
in NT bovine embryos.

We have previously shown that the culture of IVP- or
parthenogenote-derived bovine trophectoderm tissue on
STO feeder cells reproduces some aspects of the intact
preimplantation bovine embryo’s trophectoderm tissue
such as its cell growth, morphology, and expression of

IFN-t (Talbot et al., 2000a,b). This in vitro model was
employed in a comparison of IFN-t secretion levels from
primary trophectoderm outgrowths of NT, parthenoge-
netic (P), or IVP bovine 8–11-day blastocysts.

MATERIALS AND METHODS

Experiments 1 and 2

Experiment 1 consisted of an assessment of IFN-t
secretion from independent primary trophectoderm
colonies that had reached a minimum of 1 cm in
diameter over time in culture and was designed to
compare IFN-t activity or content by method of
blastocysts production, i.e., somatic cell nuclear transfer
(NT), in vitro matured, fertilized, and cultured (IVP), or
parthenogenesis (P). Specific variables not held con-
stant in Experiment 1 included the following: source of
egg, source of sperm, in vitro egg maturation method,
age of blastocyst (day-8, -9, -10, or -11 of in vitro egg
culture) when primary trophectoderm culture was
initiated, the bovine fetal fibroblast cell line used as
nuclear donors for NT, length of time of trophectoderm
primary culture (within 2.5–4 weeks), and time of STO
feeder-layer preparation. Two diameter measurements
at right angles to one another were taken of each colony
at the time 72 hr conditioned medium (CM) was collected
for measurement of IFN-tactivity or content (see below).

Experiment 2 assessed IFN-t secretion from indepen-
dent primary trophectoderm colonies by blastocyst
production method (NT, IVP, or P) and by days in
primary culture (day-14, -17, -20, and -23). Specific
aspects of Experiment 1 that varied (see above) were
held constant in Experiment 2, i.e., source of egg, source
of sperm, in vitro egg maturation method, age of
blastocyst (day-8 of in vitro egg culture) when primary
trophectoderm culture was initiated, the bovine fetal
fibroblast cell line used as nuclear donor for NT,
STO feeder-cell source (irradiated/frozen cell stocks)
and time of feeder-layer preparation (1 week prior to
initiation of primary trophectoderm culture). Seventy-
two hour CM collected at day-14, -17, -20, and -23 was
assayed for IFN-t antiviral activity. On day 23 of culture
the size of the primary trophectoderm colonies were
assessed by taking two colony diameter measurements
at right angles to one another.

Statistical Analysis

The assumptions of the general linear model were
checked. When necessary to correct for variance hetero-
geneity the data was log transformed. The means
presented in the tables are given in the original units.
Whenever means comparisons were made, Sidak
adjusted P-values were used so that the experiment-
wise error was 0.05.

Analysis of Experiment 1

Success or failure of colony-formation was analyzed by
blastocyst production method and success/failure as a
3� 2 contingency table using StatXact (Cytel Software).
An exact Pearson chi-square test was completed to
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determine if the distribution of colony-formation was
the same for the three independent populations
defined by blastocyst production method. Method was
statistically significant (F¼ 30.61; P¼ .0000; d.f.¼2).
Pair-wise comparisons of the three populations were
done (Table 1).

Experiment 1 IFN-t levels (IU/ml) were statistically
analyzed by blastocyst production method (IVP, NT, and
P). The analysis was performed by partitioning the data
into nine complete blocks based on the combination of
egg source, days in egg culture, and days in tissue
culture. After defining the nine blocks and omitting
data with missing or zero values, there remained
219 observations for the analysis. To meet the assump-
tions of the general linear model, the data were log
transformed. The transformed data were analyzed as a
two-factor mixed linear model using Proc Mixed (SAS
Institute, Cary, NC) with Method as the fixed effect and
Block as a random block. Method was statistically
significant (F¼61.95, P< .0001, d.f.¼ 2). Means and
mean comparisons are given in Table 2.

Analysis of Experiment 2

Colony-formation data were analyzed the same as for
Experiment 1 (Table 1). Method was statistically
significant (F¼30.14; P¼ .0000; df¼2).

Experiment 2 IFN-t activity data were analyzed as a
two-factor repeated measures linear model using Proc
Mixed with Method (IVP, NT, and P) and Days in egg
culture (14, 17, 20, and 23) as the repeated factor. To
meet the homogeneous variance assumption of the
general linear model the data were log transformed for
the analysis. The unstructured variance–covariance
model was found to best account for the correlation in
Days in egg culture. The Method�Day interaction was
statistically significant (Table 3). Means and mean
comparisons are given in Table 4.

Experiment 2 colony size data were analyzed as a
one-factor linear model with embryo production method
as the factor. Method was statistically significant
(F¼ 20.96, P< .0001, d.f.¼2). Means and mean com-
parisons are given in Table 5.

In Vitro Production of Bovine Blastocysts

Parthenogenetic, NT, and IVP bovine blastocysts
were produced as previously described (Powell et al.,
2004). For Experiment 1, embryos were produced from

in vitro matured cumulus-oocyte complexes (COC)
processed from local slaughterhouse ovaries (Mopac)
or obtained from Bomed Inc., Madison, WI. For Experi-
ment 2, in vitro matured COC were obtained from
Bomed Inc. Embryo culture was in G1/G2 medium
(Vitrolife, Englewood, CO) and an atmosphere of 5%
oxygen, 5% CO2, and 90% nitrogen for both Experiments
1 and 2.

In Experiment 1 for IVP, three bulls were used as a
source of sperm. One bull was a high genetic stock
Holstein. The second was a chimera derived from
the aggregation of three morula, one of which was a
transgenic NT morula. This chimeric bull showed germ
line contribution from the transgenic NT morula as
evidenced by nuclear localized green fluorescent protein
(GFP) expression in approximately 40% of resultant
blastocysts. The third bull was a transgenic NT Jersey
bull and again had nuclear localized GFP as one of three
engineered transgenes. For Experiment 2, the same
high genetic stock Holstein bull was used to produce IVP
embryos as in Experiment 1.

Three bovine fetal fibroblast (BFF) cell lines were used
to provide nuclear donor cells for the production of NT
embryos in Experiment 1. The origin of the BFF 10 cell
line has been previously described (Powell et al., 2004),
and this cell line was the nuclear donor in approximately
three-quarters of the NT embryos produced in the
study. A second cell line (BFF 13) was derived from a
100-gestational day cloned fetus that was cloned from
the third cell line which consisted of an adult fibroblast
culture (BFF 101) established from a BFF 10-derived
transgenic NT cow muscle biopsy. For Experiment 2, the
BFF 10 cell line was used for NT nuclear donor cells.

Cell Culture

The following cell culture conditions applied to both
Experiments 1 and 2. All cells were grown on tissue
culture plastic ware (Nunc, Denmark; Falcon, Becton/
Dickinson, Lincoln Park, NJ). Fetal bovine serum
(FBS) was obtained from Hyclone, Logan UT. Cell
culture reagents including Dulbecco’s phosphate
buffered saline (PBS) without Ca2þ and Mg2þ, media,
trypsin–EDTA (0.05% trypsin, 0.43 mM EDTA), anti-
biotics, non-essential amino acids, and L-glutamine
were purchased from InVitrogen Corporation (GIBCO),
Gaithersburg, MD. STO cells (CRL 1503, American
Type Culture Collection, Rockville, MD) were grown in
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TABLE 1. Dependence of Formation of Trophecotoderm Colonies on Method Used
to Generate Blastocysts

Experiment 1 Experiment 2

Colonies formed Colonies formed

Method Blastocysts cultured Percent Blastocysts cultured Percent

Fertilized 155/184 84.2 a* 70/75 93.3 a
Nuclear transfer 104/129 80.6 a 67/68 98.5 a
Parthenogenic 54/97 55.7 b 65/92 70.1 b

*Methods with different letters are different at the 0.05 significance level.
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Dulbecco’s modified Eagles medium with high glucose
supplemented with 10% FBS (10% DMEM). Feeder
layers were prepared by exposing a suspension of STO
cells to 8 krad gamma radiation and plating the cells at
6�104 cells/cm2. Feeder layers were maintained by
refeeding with 10% DMEM every 6–7 days.

In Experiment 1, primary cultures of trophectoderm
from 8- to 11-day blastocysts were individually cultured
in 4-well plates with STO feeder layers. The primary
cultures were initiated as previously described by
pressing the blastocysts onto the STO feeder cell
monolayer and plastic surface with 27 G hypodermic
needles (Talbot et al., 2000b). For the IVP group, the
blastocyst used were hatched or hatching. For the P
group, blastocyst were seldom hatching, but all were
largely expanded with zona pellucida just visible under
the dissection microscope as a thin outer ring. A few of
the NT blastocysts were at a stage where they were
beginning to protrude through the slit in the zona
pellucida made by the enucleation micropipet. However,
most of the NT blastocysts used had expanded to the
extent that they had formed a typical dumbbell-shaped
‘‘hatching’’ blastocyst with the protrusion of a significant
proportion of the blastocyst’s cells outside the zona
pellucida. Primary trophectoderm cultures were main-
tained under 1 mL of 10% DMEM with refeeding every
3–4 days. Any contaminating endoderm cells were
removed completely by dissection as described pre-
viously (Talbot et al., 2000b). Primary trophectoderm
colonies were grown for 2.5–4 weeks until they reached
1–1.5 cm in diameter, and 72 hr CM was collect and
frozen at �708C at the end of the culture period.

For Experiment 2, the initiation and culture of
primary trophectoderm colonies was as above for
Experiment 1 except that all cultures were initiated
from 8-day blastocysts. Also, 72 hr CM was collected at
day-14, -17, -20, and -23 of culture, and the diameter of
the colonies were measured on day 23 (the last day of
culture).

Antiviral Interferon-Tau (IFN-t) Activity Assay

IFN-t concentration was determined in CM from each
primary trophectoderm culture. Antiviral assays of the
CM were completed as described by Roberts et al. (1989).
Conditioned medium from STO feeder cells alone
and unconditioned medium were assayed as negative
controls. The ability of samples to prevent virus-induced
cell lysis by 50% was compared to a recombinant
human interferon-alphaA standard (Calbiochem, La
Jolla, CA; 3.84�108 IU/mg). The concentration of IFN-t
in CM was calculated based on the specific activity of
recombinant bovine IFN-t (rbIFN-t; 2.52�0.49� 108

IU/mg) included in each assay. Assays were completed
in duplicate and results were reported in international
units (IU) of IFN-t per mL of culture medium. The assay
had a sensitivity of 20 IU/mL.

Immunoblot Analysis of
Conditioned Medium (CM)

Electrophoretic separation and Western blotting of
the proteins in selected samples of 72 hr CM (1�) from
primary trophectoderm outgrowths were immuno-
probed with anti-bovine IFN-t antibody as described
previously (Talbot et al., 2000b). Proteins were trans-
ferred on to PVDF membranes (Millipore, Bedford, MA)
and ECL Plus (Amersham Biosciences, Piscataway, NJ)
was used for antibody detection. Anti-bIFN-t antibody,
used at a dilution of 1:2500, was the kind gift of
Dr. Michael Roberts (Klemann et al., 1990).

RESULTS

Experiment 1

Formation of primary trophectoderm colonies was
dependent on the method used to generate blastocysts
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TABLE 2. Means and Means Comparisons of
Experiment 1: Affect of Blastocyst Production Method
on IFN-t Expression from Trophectoderm Outgrowths

Method Mean production (IU/mL)

Fertilized 4228.63 a*
Parthenogenic 2419.91 b
Nuclear transfer 422.67 c

The means are transformed back to the original units from the
statistical analysis.
*Methods with different letters are different at the .05
significance level.

TABLE 3. Analysis of Variance

Source d.f. F-value P-value

Method 2 26.27 <.0001
Day 3 324.67 <.0001
Method�Day 6 8.60 <.0001

TABLE 4. Means and Means Comparisons of
Experiment 2: Antiviral Activity of Primary
Trophectoderm Colonies by Days in Culture

and Blastocyst Production Method

Day

Method

IVP NT Parth

14 10,887 a*x{ 3048 ay 7213 ax
17 3662 bx 912 by 3231 bx
20 1767 cx 511 cy 1133 cx
23 1053 dx 390 dy 588 dy

*Day means within blastocyst production method with
different a, b, c, d letters are different at the .05 significance
level.
{Method means within Day with different x, y letters are
different at the .05 significance level. Means are expressed in
original units of IU/mL.

TABLE 5. Method Means and Means Comparisons

IVP 1.183a*
NT 1.120a
Parth 0.862b

*Method means with different letters are different at the .05
significance level.
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(Fig. 1). Incidence of colony-formation did not differ
between IVF-derived and NT-derived blastocysts, but
fewer (P< .05) P-derived blastocysts were able to form
outgrowths (Table 1).

IFN-t is expressed soon after bovine blastocyst
formation and therefore might be a useful marker of
competency for embryos produced by NT. To assess this
possibility, a comparison was made of IFN-t levels in the
72 hr CM of primary trophectoderm cultures derived
from IVP, NT, or parthenogenic (P) bovine 8–11-day
blastocysts. Expression of IFN-t from trophectoderm
outgrowths was affected by the method used to generate
blastocysts. Mean antiviral activity of CM was greatest
in IVF-derived outgrowths, intermediate in P-derived
outgrowths, and lowest in NT-derived outgrowths
(Table 2).

IFN-t levels were measured in selected samples by
probing Western blots of CM with anti-bovine IFN-t
antibody, and these values were compared with the
corresponding antiviral activity of the samples. The

immunoblot analysis verified that IFN-t was produced
by the primary trophectoderm cultures (Fig. 2). No IFN-
t was detected in the CM of STO feeder cells alone or in
unconditioned cell culture medium (Fig. 2, lanes 11 and
12, respectively). Densitometry measurements taken of
the 20–23 kDa differentially glycosylated IFN-t bands
of the immunoblots correlated well with antiviral
titers (Fig. 3). The log transformation plot of antiviral
activity versus immunoblot signal density showed a
straight line relationship with a correlation coefficient of
0.91 (P¼ .001) (Fig. 3).

Experiment 2

Experiment 2 was undertaken to confirm the results of
Experiment 1 and to examine IFN-t production over time
in tissue culture. As in Experiment 1, the success rate for
trophectoderm colony-formation was similar for IVP
and NT blastocysts, but was significantly lower for
P blastocysts (Table 1). Method of blastocyst production,
days in tissue culture and the Method�Day interaction
were statistically significant (Table 3). For each day,
IFN-t activity in the CM of NT-derived trophectoderm
primary colonies was significantly lower compared to
IVP- and P-derived colonies, except at the day 23 assay
point where the difference between P and NT was no
longer significant at the P¼ .05 level (Table 4). Across all
days in tissue culture, regardless of embryo production
method, IFN-t activity was highest at the earliest time
point, 14 days in culture, and decreased significantly
at each subsequent time point. Finally in Experiment 2,
a comparison was made of the average size of the
trophectoderm colonies by method of blastocyst produc-
tion on the last day of culture, the 23rd day. Table 5 shows
that, while the colony size means of IVP- and NT-derived
colonies were not significantly different, the mean size of
P-derived colonies was significantly reduced.

DISCUSSION

The results of this study show that IFN-t protein
secretion was often lower in primary trophectoderm
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Fig. 1. Primary bovine trophectoderm cultures. (A) Nunc 4-well
plate culture of a 1 cm colony outgrowth (24 days) from a parthenoge-
netic bovine blastocyst (arrowheads indicate boundary of trophecto-
derm colony on the STO feeder cell layer), 6.4�. (B) Phase-contrast;
light micrograph of primary IVP-blastocyst-derived bovine trophecto-
derm culture. 100�.

Fig. 2. Detection of differentially glycosylated IFN-t isoforms (20–
23 kDa) by reaction of anti-bovine-IFN-tantiserum with a Western blot
of NT-, parthenogenetic-, and IVP-derived primary trophectoderm CM.
Signal density gives a semi-quantitative comparison of the bovine
IFN-t content of the CM samples. Samples were representative of high,
medium, and low expression of anti-viral activity and the correspond-
ing anti-viral titer (k¼ 1000�) of each is displayed beneath the lane.
Lane 1¼ bovine recombinant IFN-t (500 pg); lanes 2–4 are NT samples;
lanes 5–7 are parthenogenetic samples; lanes 8–10 are IVP samples;
lane 11¼STO feeder cell only CM; lane 12¼non-conditioned 10%
DMEM.
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cultures of P- and NT-derived embryos in comparison to
IVP-derived trophectoderm for some unknown reason.
IFN-t down-regulation in NT-derived trophectoderm
cultures is probably not the result of genetic mutation or
loss of genetic material as evidenced by the maintenance
of microsatellite alleles in NT animals (Ashworth et al.,
1998), the maintenance of previously established
genetic defects in NT offspring (Blelloch et al., 2004),
the generation of germ line competent embryonic stem
(ES) cells from NT embryos (Wakayama et al., 2001),
and the generation of cloned mice from tissues of various
ages and types (Wakayama and Yanagimachi, 2001). On
the contrary, examples of nuclear donor cells that would
be expected to be mutated did not support the full-term
development of NT embryos (Cui et al., 2003; Shi et al.,
2003). Also, karyotype abnormalities were not found in
early passage IVP and NT-derived trophectoderm
cultures (Talbot et al., 2000a,b). What has been demon-
strated is a dysfunction in the expression of a wide
number of genes, both imprinted and nonimprinted
genes, in NT embryos and NT placentas (Humpherys
et al., 2002; Inoue et al., 2002). There is evidence that
epigenetic changes, e.g., failure to reestablish normal
DNA methylation patterns, result from NT, and it is
these manifestations that may be the cause of what is
described as insufficient nuclear reprogramming (Dean
et al., 2001; Humpherys et al., 2001; Cezar et al., 2003;
Santos et al., 2003).

Incomplete or aberrant DNA methylation of cis- or
trans-acting gene expression control elements may be
the cause of the lower IFN-t secretion from the NT and P
trophectoderm. This might arise from a lack of normally
methylated DNA compliments in the parthenogenetic
trophectoderm (Surani and Barton, 1983; Surani
et al., 1986), or in the case of NT, result from ineffective
reestablishment of genetic imprint status or methyla-

tion status (Humpherys et al., 2001; Cezar et al., 2003;
Santos et al., 2003). For example, ovine IFN-t gene
expression has been shown to be affected by the
methylation of specific 50-upstream regions associated
with the IFN-t gene (Nojima et al., 2004). Downregula-
tion of IFN-t expression in the trophectoderm out-
growths could also result from effects on trans-acting
elements that regulate the IFN-t gene such as fos/jun
complexes and Ets-2 (Xavier et al., 1997; Ezashi et al.,
1998; Matsuda et al., 2004) or from other less defined
complex genetic interactions such as the reported sex-
linked expression of IFN-t (Larson et al., 2001).
Whatever the basis of the differential IFN-t secretion
is, some questions regarding the observation are: is it
wholly or partially environmentally driven, is it an
indicator of reprogramming deficiency, and is it an
indicator of compromised embryo fitness or survival
potential?

That in vitro models may be useful in tracking
epigenetic errors resulting from NT is supported by
the finding that in fibroblast cultures derived from
uniparental fetuses (androgenotes or parthenogenotes),
the parent-of-origin allele-specific expression profile of
several maternally imprinted and several paternally
imprinted genes were maintained over 30 cell genera-
tions in culture (Kharroubi et al., 2001). Presently, there
is insufficient data to judge how mechanistically faithful
the bovine trophectoderm cell lines are as in vitro models
of the in vivo elongating bovine blastocyst. However,
whether on feeders cells or not, the expression of IFN-t
from IVP-derived trophectoderm cell cultures and their
demonstrated differentiation potential indicate that
they probably are good models (Shimada et al., 2001;
Nakano et al., 2002; Talbot et al., 2004b and unpub-
lished observations). In any case, although the IFN-t
expression in the primary trophectoderm cultures might
be different from what would occur in vivo, their assay
under identical egg culture and tissue culture conditions
enables the comparison of their genetic and epigenetic
status relative to one another. Differences in IFN-t
expression resulting from epigenetic changes that
result from NT reprogramming failures might therefore
be observable against the background of genetic dif-
ferences resulting from cell culture selection pressures
and differences in parental origin. The latter being of
concern because within the IVP group sperm from three
bulls was used in Experiment 1, and for both IVP and P,
the eggs were obtained from slaughterhouses ovaries.
Similarly, within the NT group, three cell lines were
used as nuclear donors in Experiment 1 (albeit that they
were genetically from a single source, i.e., clone of a clone
origin for BFF 101 and BFF 13). Despite these sources of
variation, the down-regulation of IFN-t in the NT
outgrowths suggests failures in nuclear reprogramming
as the cause, and this could be potentially useful in
defining aspects of NT methodology that produce
undesirable or unnatural effects in bovine embryos.

A previous study of intact bovine blastocysts found a
similar reduction in the expression of IFN-t from NT
embryos as presented here, although other studies
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Fig. 3. Cartesian plot of densitometry of bovine IFN-t detected by
immunoblot vs. anti-viral activity titers in primary trophectoderm CM
samples. Correlation coefficient¼0.91.
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involving IVP and P bovine blastocysts do not agree in
all aspects with our findings. Stojkovic et al. (1999),
found in a ‘‘long-term’’ individual blastocyst per drop
culture system that the IFN-t expressed by NT bovine
embryos was reduced compared to the amounts pro-
duced by in vivo- or IVP-derived embryos. Also, besides
producing higher amounts of IFN-t than NT embryos,
the in vivo- and IVP-derived bovine embryos produced
similar amounts of IFN-t (Stojkovic et al., 1999).
Perhaps in contrast to our findings, however, are those
of Larson et al. (2001) that showed female blastocysts
produced approximately twice as much IFN-t as male
blastocysts. In the present study, the NT trophectoderm
outgrowths were all derived from female blastocysts
since the nuclear donor cell lines used (BFF 10, 13 and
101) were female. Likewise, the P-derived trophecto-
derm cultures were maternal in genome complement.
IVP trophectoderm outgrowths were presumably
approximately 50/50 female and male. Therefore, a
significant sex bias existed in the experimental design,
and one that might have been expected to favor greater
production of IFN-t by the NT and P outgrowths. Since
the opposite result was found, either the assay of intact
blastocysts presented in Larson et al. (2001) is not
comparable to the primary cultured trophectoderm, or
they are comparable and epigenetic differences present
in NT and P embryos were contributing to the IFN-t
down regulation observed.

Antiviral activity from P-derived outgrowths was
intermediate compared to IVP (highest) and NT (lowest)
in the present study. It might be expected that
parthenogenetic embryos would yield trophectoderm
outgrowths with less IFN-t production since the
embryos are epigenetically deficient, cannot produce
viable embryos, and, at least in the mouse, have poor
development of extraembryonic tissue (Surani and
Barton, 1983). Despite these expectations, and directly
opposite to our results, it was recently shown that
parthenogenetic bovine blastocysts and female IVP
blastocysts produced more IFN-t than male IVP blas-
tocysts (Kubisch et al., 2003). In the same study, tissue
culture blastocyst outgrowths grown on Matrigel coated
plates did not show a difference in IFN-t production
between IVP and parthenogenic blastocysts, again in
contrast to our results (Kubisch et al., 2003). In a similar
study (Kubish et al., 2001), IVP blastocysts produced
different levels of IFN-t depending on day of blastocyst
formation (i.e., seventh or nineth day) in the first 48–
96 h of culture and also showed significant differences
depending on the egg source, i.e., ‘‘ovary batch’’. On
subsequent tissue culture of the blastocysts on Matrigel
coated plates, the blastocoel cavity formation differences
(for 7-day compared to 9-day) disappeared by the 6th day
of culture, and by the 12th day of culture were also no
longer significantly different by ovary batch (Kubisch
et al., 2001). Similarly, analysis of our data based on
length of time in egg culture (not the point of blastocoel
formation) showed a statistically significant reduction
in IFN-t expression from cultures derived from blasto-
cysts kept in egg culture until the 10th day, i.e.,

approximately 2 days after blastocoel formation (data
not shown). Together these results appear to indicate
the potential for changes in IFN-t expression depending
on the ‘‘health’’ of the blastocyst (egg culture effect), and
depending on the adequacy of the tissue culture
environment for cell growth and function (cell culture
effect). The STO feeder cell environment utilized for
these studies may provide a better model than extended
egg culture (Stojkovic et al., 1999; Kubisch et al., 2001)
or Matrigel culture (Kubisch et al., 2003) because
the STO feeder cells have been shown to stimulate
rapid bovine trophectoderm cell growth and enable
the establishment of bovine trophectoderm cell lines
(Talbot et al., 2000b, 2004b). This may in part explain
the differences between our findings concerning the
differential production of IFN-t from IVP- versus.
P-derived trophectoderm and those reported by Kubisch
et al. 2003.

In the present study the incidence of colony-formation
and colony size did not differ between IVP-derived and
NT-derived blastocysts whereas significantly fewer P-
derived blastocysts were able to form colonies and the
colonies produced were on average smaller. This is in
contrast to the results of Kubisch et al., 2003 where P
and IVP blastocyst outgrowths occurred at a similar
efficiency. Perhaps Matrigel is better able to support the
initial attachment and spreading of trophectoderm
cells compared to STO feeder cells since Kubisch and
co-workers further reported that the parthenogenetic
outgrowths were initially larger than IVP outgrowths,
but that this difference disappeared by the 14th day of
tissue culture (Kubisch et al., 2003). Alternatively, or in
addition to, the parthenogenic blastocysts produced by
Kubisch and co-worker’s egg culture system may have
been of better quality compared to those produced in our
serum-free and feeder-independent egg culture system.
In any case, the main significance of the colony-
formation and colony size comparisons is that IVP and
NT blastocysts were alike in these respects, and,
therefore, does not provide an explanation for the low
levels of IFN-t produced by the NT trophectoderm
outgrowths.

Experiment 2 was undertaken to confirm the results
of Experiment 1 since there were many uncontrolled
variables in Exp. 1, and, also, some pre-selection of NT
embryos occurred in Experiment 1 because of the
necessity to share some embryos with the laboratory’s
concurrent in vivo cloning initiative. While Experiment
2 did confirm the findings of Experiment 1, i.e., that NT
blastocyst outgrowths were comparatively deficient in
IFN-t secretion, it was also of interest to ascertain if the
assay time could be shortened and at what time in the
primary trophectoderm culture maximal IFN-t secre-
tion occurred. It had been assumed prior to the start of
Experiment 1 that the IFN-t expression would posi-
tively correlate with colony size, but as shown by
Experiment 2, colony size, or time in tissue culture,
was negatively correlated with IFN-t secretion. This
may have resulted from increasing amounts of cell
death from apoptosis and necrosis within the primary
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trophectoderm colonies as the colonies grew older and
larger. However, this is only conjecture based on
microscopic inspections of the cultures as they grew
over time. In any case, Experiment 2 demonstrated that
the IFN-t secretion could be detected by at least as early
as 14 days after initiation of the primary culture, and, in
fact, the highest levels of IFN-t were found at this
earliest time point. If a smaller tissue-culture-well
format was used, it seems likely that the assay could
be shortened even further since the ratio of cells to tissue
culture fluid would be reduced.

The reduced secretion of IFN-t from NT-derived
outgrowths may indicate one factor that contributes to
the failure of NT embryos to establish pregnancies that
carry to term. In relation to this, an effect of systemic or
intrauterine administration of IFN-t to improve preg-
nancy and birth rates in cattle and sheep has not been
reported. However, one study in red deer involving
asynchronous embryo transfers did show a dramatically
beneficial effect on birth rates from the systemic
injection of IFN-t (Demmers et al., 2000). Also, a
correlation between the IFN-t production by IVP or
NT embryos and subsequent pregnancy success after
embryo transfer remains to be established. Indeed, a
recent pertinent report showed that there was a
negative correlation between IFN-t production in IVP
blastocyst-stage bovine embryos and pregnancy rate
after embryo transfer (Kubisch et al., 2004). Thus,
although the production of IFN-t at the appropriate
time and in the correct amounts is thought to be
critical for maternal recognition of pregnancy (Roberts
et al., 1990) and placentation (Klein et al., 2006), it
remains to be demonstrated that IFN-t expression at
the blastocyst stage can be a predictor of placental
fitness or pregnancy success. Likewise, since the quality
and relevance of trophectoderm cultures as in vitro
models of the elongation-phase of bovine blastocyst is
speculative at this point, it is also not presently possible
to say that the low IFN-t levels found in the NT
outgrowths are faithful predictors of pregnancy failure;
or potential pregnancy success in those NT embryos that
produce outgrowths with IVP-like IFN-t secretion
levels.

However, and in conclusion, the assay of IFN-t from
blastocyst outgrowths may serve as a useful tool for
identifying methods that generate better NT embryos in
terms of normal gene expression. Further, NT preg-
nancy losses often occur shortly after placentation,
and NT placental abnormalities are often found at all
stages of gestation (Hill et al., 2000; De Sousa et al.,
2001; Tanaka et al., 2001; Humpherys et al., 2002; Lee
et al., 2004; Powell et al., 2004). This, combined with
recent evidence that placental and trophectoderm DNA
methylation and gene expression is abnormal in NT
embryos (Kang et al., 2002; Singh et al., 2004), would
suggests that analysis of trophectoderm tissue gene
expression, particularly IFN-t expression (Stewart
et al., 2001; Klein et al., 2006), may logically yield
mechanistic information on NT pregnancy failure and
NT reprogramming.

ACKNOWLEDGMENTS

We thank Dr. John P. McMurtry and Dr. John M.
Talbot for their helpful editorial and scientific comments
on the manuscript. We also thank Mr. Paul Graninger
for technical assistance in tissue culture and Ms. Amy
Shannon for technical assistance with immunoblotting.

REFERENCES

Ashworth D, Bishop M, Campbell K, Colman A, Kind A, Schnieke A,
Blott S, Griffin H, Haley C, McWhir J, Wilmut I. 1998. DNA
microsatellite analysis of Dolly. Nature 394:329.

Bazer FW, Spencer TE, Ott TL. 1997. Interferon tau: A novel pregnancy
recognition signal. Am J Reprod Immunol 37:412–420.

Blelloch RH, Hochedlinger K, Yamada Y, Brennan C, Kim M, Mintz B,
Chin L, Jaenisch R. 2004. Nuclear cloning of embryonal carcinoma
cells. Proc Natl Acad Sci USA 101:13985–13990.

Bourc’his D, Le Bourhis D, Patin D, Niveleau A, Comizzoli P, Renard
JP, Viegas-Péquignot E. 2001. Delayed and incomplete reprogram-
ming of chromosome methylation patterns in bovine cloned embryos.
Curr Biol 11:1542–1546.

Cezar GG, Bartolomei MS, Forsberg EJ, First NL, Bishop MD,
Eilertsen KJ. 2003. Genome-wide epigenetic alterations in cloned
bovine fetuses. Biol Reprod 68:1009–1014.

Cibelli JB, Stice SL, Golueke PJ, Kane JJ, Jerry J, Blackwell C, Ponce
de León FA, Robl JM. 1998. Cloned transgenic calves produced from
non-quiescent fetal fibroblasts. Science 280:1256–1258.

Cui W, Wylie D, Aslam S, Dinnyes A, King T, Wilmut I, Clark AJ. 2003.
Telomerase-immortalized sheep fibroblasts can be reprogrammed
by nuclear transfer to undergo early development. Biol Reprod 69:
15–21.

De Sousa PA, King T, Harkness L, Young LE, Walker SK, Wilmut I.
2001. Evaluation of gestional deficiencies in cloned sheep fetuses and
placentae. Biol Reprod 65:23–30.

Dean W, Santos F, Stojkovic M, Zakhartchenko V, Walter J, Wolf E,
Reik W. 2001. Conservation of methylation reprogramming in
mammalian development: Aberrant reprogramming in cloned
embryos. Proc Natl Acad Sci USA 98:13734–13738.

Demmers KJ, Jabbour HN, Deakin DW, Flint APF. 2000. Production of
interferon by red deer (Cervus elaphus) conceptuses and the effect of
roIFN-t on the timing of luteolysis and the success of asynchronous
embryo transfer. J Reprod Fertil 118:387–395.

Ealy AD, Larson SF, Liu L, Alexenko AP, Winkelman GL, Kubisch HM,
Bixby JA, Roberts RM. 2001. Polymorphic forms of expressed bovine
interferon-tau genes: Relative transcript abundance during early
placental development, promoter sequences of genes and biological
activity of protein products. Endocrinology 142:2906–2915.

Ezashi T, Ealy AD, Ostrowski MC, Roberts RM. 1998. Control of
interferon-t gene expression by Ets-2. Proc Natl Acad Sci USA 95:
7882–7887.

Gray CA, Abbey CA, Beremand PD, Choi Y, Farmer JL, Adelson DL,
Thomas TL, Bazer FW, Spencer TE. 2006. Identification of
endometrial genes regulated by early pregnancy, progesterone, and
interferon tau in the ovine uterus. Biol Reprod 74:383–394.

Hashizume K, Ishiwata H, Kizaki K, Yamada O, Takahashi T, Imai K,
Patel OV, Akagi S, Shimizu M, Takahashi S, Katsuma S, Shiojima S,
Hirasawa A, Tsujimoto G, Todoroki J, Izaike Y. 2002. Implantation
and placental development in somatic cell clone recipient cows. Clon
Stem Cells 4:197–209.

Helmer SD, Hansen PJ, Anthony RV, Thatcher WW, Bazer FW,
Roberts RM. 1987. Identification of bovine trophoblast protein-1, a
secretory protein immunologically related to ovine trophoblast
protein-1. J Reprod Fertil 79:83–91.

Hernandez-Ledezma JJ, Sikes JD, Murphy CN, Watson AJ, Schultz
GA, Roberts RM. 1992. Expression of bovine trophoblast interferon
in conceptuses derived by in vitro techniques. Biol Reprod 47:374–
380.

Hill JR, Burghardt RC, Jones K, Long CR, Looney CR, Shin T, Spencer
TE, Thompson JA, Winger QA, Westhusin ME. 2000. Evidence for
placental abnormality as the major cause of mortality in first-
trimester somatic cell cloned bovine fetuses. Biol Reprod 63:1787–
1794.

Molecular Reproduction and Development. DOI 10.1002/mrd

306 N.C. TALBOT ET AL.



Humpherys D, Eggan K, Akutsu H, Hochedlinger K, Rideout WMIII
Biniszkiewicz D, Yanagimachi R, Janisch R. 2001. Epigenetic
instability in ES cells and cloned mice. Science 293:95–97.

Humpherys D, Eggan K, Akutsu H, Friedman A, Hochedlinger K,
Yanagimachi R, Lander ES, Golub TR, Janisch R. 2002. Abnormal
gene expression in cloned mice derived from embryonic stem cell and
cumulus cell nuclei. Proc Natl Acac Sci USA 99:12889–12894.

Inoue K, Kohda T, Lee J, Ogonuki N, Mochida K, Noguchi Y, Tanemura
K, Kaneko-Ishino T, Ishino F, Ogura A. 2002. Faithful expression of
imprinted genes in cloned mice. Science 295:297.

Kang YK, Park JS, Koo DB, Choi YH, Kim SU, Lee KK, Han YM. 2002.
Limited demethylation leaves mosaic-type methylation states in
cloned bovine pre-implantation embryos. EMBO J 21:1092–1100.

Kharroubi AB, Piras G, Stewart CL. 2001. DNA demethylation
reactivates a subset of imprinted genes in uniparental mouse
embryonic fibroblasts. J Biol Chem 276:8674–8680.

Klein C, Bauersachs S, Ulbrich SE, Einspanier R, Meyer HH, Schmidt
SE, Reichenbach HD, Vermehren M, Sinowatz F, Blum H, Wolf E.
2006. Monozygotic twin model reveals novel embryo-induced
transcriptome changes of bovine endometrium in the pre-attachment
period. Biol Reprod 74:253–264.

Klemann SW, Li J, Imakawa K, Cross JC, Francis H, Roberts RM. 1990.
The production, purification, and bioactivity of recombinant bovine
trophoblast protein-1 (bovine trophoblast interferon). Mol Endocri-
nol 4:1506–1514.

Kubisch HM, Larson MA, Roberts RM. 1998. Relationship between age
of blastocyst formation and interferon-t secretion by in vitro-derived
bovine embryos. Mol Reprod Dev 49:254–260.

Kubisch HM, Larson MA, Ealy AD, Murphy CN, Roberts RM. 2001.
Genetic and environmental determinants of interferon-tau secretion
by in vivo- and in vitro-derived bovine blastocysts. Anim Reprod Sci
66:1–13.

Kubisch HM, Rasmussen TA, Johnson KM. 2003. Interferon-t in bovine
blastocysts following parthenogenetic activation of oocytes: Pattern
of secretion and polymorphism in expressed mRNA sequences. Mol
Reprod Dev 64:79–85.

Kubisch HM, Sirisathien S, Bosch P, Hernandez-Fonseca HJ, Clem-
ents G, Liukkonen JR, Bracket BG. 2004. Effects of developmental
stage, embryonic interferon-t secretion and recipient synchrony on
pregnancy rate after transfer of in vitro produced bovine blastocysts.
Reprod Dom Anim 39:120–124.

Larson MA, Kimura K, Kubisch HM, Roberts RM. 2001. Sexual
dimorphism among bovine embryos in their ability to make the
transition to expanded blastocyst and in the expression of the
signaling molecule IFN-t. Proc Natl Acad Sci USA 98:9677–9682.

Lee RSF, Peterson AJ, Donnison MJ, Ravelich S, Legard AM, Ning L,
Oliver JE, Miller AL, Tucker FC, Breier B, Wells DN. 2004. Cloned
cattle fetuses with the same nuclear genetics are more variable than
contemporary half-siblings resulting from artificial insemination
and exhibit fetal and placental growth deregulation even in the first
trimester. Biol Reprod 70:1–11.

Martin C, Pessemesse L, De La Llosa-Hermier MP, Martal J, Djiane J,
Charlier M. 2004. Interferon-tau upregulates prolactin receptor
mRNA in the ovine endometrium during the peri-implantation
period. Reproduction 128:99–105.

Matsuda F, Xu N, Kijima S, Tachi C, Christenson RK, Sakai S,
Imakawa K. 2004. Analysis of transcriptional control elements in the
50-upstream region of ovine interferon-t gene using feeder-indepen-
dent caprine trophoblast cell line, HTS-1. Placenta 25:166–175.

Nagaoka K, Sakai A, Nojima H, Suda Y, Yokomizo Y, Imakawa K, Sakai
S, Christenson RK. 2003. A chemokine, interferon (IFN)-gamma-
inducible protein 10 kDa, is stimulated by IFN-tau and recruits
immune cells in the ovine endometrium. Biol Reprod 68:1413–
1421.

Nakano H, Shimada A, Imai K, Takezawa T, Takahashi T, Hashizume
K. 2002. Bovine trophoblastic cell differentiation on collagen
substrata: Formation of binucleate cells expessing placental lacto-
gen. Cell Tissue Res 307:225–235.

Niemann H, Wrenzycki C, Lucas-Hahn A, Brambrink T, Kues WA,
Carnwath JW. 2002. Gene expression patterns in bovine in vitro-
produced and nuclear transfer-derived embryos and their implica-
tions for early development. Cloning Stem Cells 4:29–38.

Nojima H, Nagaoka K, Christenson RK, Shiota K, Imakawa K. 2004.
Increase in DNA methylation down regulates conceptus interferon-
tau gene expression. Mol Reprod Dev 67:396–405.

Patel OV, Yamada O, Kizaki K, Takahashi T, Imai K, Takahashi S,
Izaike Y, Schuler LA, Takezawa T, Hashizume K. 2004. Expression of
trophoblast cell-specific pregnancy-related genes in somatic cell-
cloned bovine pregnancies. Biol Reprod 70:1114–1120.

Powell AM, Talbot NC, Wells KD, Kerr DE, Pursel VG, Wall RJ. 2004.
Cell donor influences success of producing cattle by somatic cell
nuclear transfer. Biol Reprod 71:210–216.

Pru JK, Austin KJ, Haas AL, Hansen TR. 2001. Pregnancy and
interferon-tau upregulate gene expression of members of the 1–8
family in the bovine uterus. Biol Reprod 65:1471–1480.

Roberts RM, Imakawa K, Niwano Y, Kazemi M, Malathy PV, Hansen
TR, Glass AA, Kronenbert LH. 1989. Interferon production by the
preimplanation sheep embryo. J Interferon Res 9:175–187.

Roberts RM, Schalue-Francis T, Francis H, Keisler D. 1990. Maternal
recognition of pregnancy and embryonic loss. Theriogenology 33:
175–183.

Roberts RM, Cross JC, Leaman DW. 1992. Interferons as hormones of
pregnancy. Endocr Rev 13:432–452.

Santos F, Zakhartchenko V, Stojkovic M, Peters A, Jenuwein T, Wolf E,
Reik W, Dean W. 2003. Epigenetic marking correlates with
developmental potential in cloned bovine preimplantation embryos.
Current Biol 13:1116–1121.

Shi W, Hoeflich A, Flaswinkle H, Stojkovic M, Wolf E, Zakhartchenko
V. 2003. Induction of a senescent-like phenotype does not confer the
ability of bovine immortal cells to support the development of nuclear
transfer embryos. Biol Reprod 69:301–309.

Shimada A, Nakano H, Takahashi T, Imai K, Hashizume K. 2001.
Isolation and characterization of a bovine blastocyst-derived tropho-
blastic cell line, BT-1: Development of a culture system in the absence
of feeder cell. Placenta 22:652–662.

Shu-Hung C, Vaught TD, Monahan JA, Boone J, Emslie E, Jobst PM,
Lamborn AE, Schnieke A, Robertson L, Colman A, Dai Y, Polejaeva
IA, Ayares DL. 2002. Efficient production of transgenic cloned calves
using preimplantation screening. Biol Reprod 67:1488–1492.

Singh U, Fohn LE, Wakayama T, Ohgane J, Steinhoff C, Lipkowitz B,
Schulz R, Orth A, Ropers HH, Behringer RR, Tanaka S, Shiota K,
Yanagimachi R, Nuber UA, Fundele R. 2004. Different molecular
mechanisms underlie placental overgrowth phenotypes caused by
interspecies hybridization, cloning, and Esx1 mutation. Dev Dyn
230:149–164.

Stewart DM, Johnson GA, Vyhlidal CA, Burghardt RC, Safe SH, Yu-
Lee LY, Bazer FW, Spencer TE. 2001. Interferon-tau activates
multiple signal transducer and activator of transcription proteins
and has complex effects on interferon-responsive gene transcription
in ovine endometrial epithelial cells. Endocrinology 142:98–107.
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